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, (54) Title: ORGANIC LIGHT EMITTING DEVICES UTILIZING BINUCLEAR METAL-COMPOUNDS AS EMISSIVE MA- 
I TERIAL 

(57) Abstract: Devices are provided having an anode, a cathode, and an emissive layer disposed between and electrically connected 
to the anode and tfie cathode. The emissive layer includes an emissive material having more than one metal center. In one em- 
bodiment, first and second metal centers are independently selected from the group consisting of d7, dS and d9 metals. A bridging 
ligand is coordinated to the first metal center and to the second metal center. In one embodiment, the first and second metal centers 
each have coordination numbers of at least 3, and moxe preferably each have coordination numners of 4. In one embodiment, pho- 
toactive figands are coordinated to tiie first and second n^tal cent^. In one embodiment, there are no photoactive Uganda. In one 
embodiment, a charge neutral binuclear emissive matedal is provided. In one embodiment the first and metal centers have a co-facial 
configuration, and preferably a square planar co-facial configuration. In one enibodiment, the metal centers are selected fsom metals 
having an atomic nnmb^ greater than or equal to 40. 
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ORGftlSriC LIGHT EMITTING DEVICES UTILIZING BINUCLEMt METAL -COMPOUNDS AS EMISSIVE 
MATERIAL 

Field of the lavention 

[0001] The present invention relates to organic light emitting devices (OLEDs), and 

more spedfically to pbosphoresceDt organo-metallic materials used in such devices. More 
specifically, the present invention relates to OLEDs, wherein the emissive layer con^rises a 
phosphorescent emitting material having a plurality of metal centers. 

Background 

[0002] Opto-electronic devices that make use of organic materials are becoming 

increasingly desirable for a number of reasons. Many of the materials used to make such 
devices are relatively inexpensive, so organic opto-electronic devices have the potential for 
cost advantages over inorganic devices. Ihjiddition, the inherent prppeities 
materials, such as their flexibility, may make them well suited for particular applications such 
as fabrication on a flexible substrate. Examples of organic opto-electronic devices include 
organic light emitting devices (OLEDs), organic phototransistors, organic photovoltaic cells, 
and organic photodetectors. For OLEDs, the organic materials may have performance 
advantages over conventional materials. For example, the wavelength at which an organic 
emissive layer emits light may generally be readily tuned with appropriate dopants. 

[0003] As used herein, the term "organic" includes polymeric materials as well as 

small molecule organic materials that may be used to fabricate organic opto-electronic 
devices. ''Small molecule" refers to any organic material that is not a polymer, and '^small 
molecules" may actually be quite large. Small molecules may include repeat units in some 
circumstances. For example, using a long chain alkyl group as a substituent does not remove 
a molecule from the "small molecule" class. Small molecules may also be incorporated into 
polymers, for example as a pendent group on a polymer backbone or as a part of the 
backbone. Small molecules may also serve as the core moiety of a dendrimer, which consists 
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of a series of chemical shells built on the core moiety. The core moiety of a dendrimer may 
be a fluorescent or phosphorescent small molecule enutter. A deadrimar m^ be a "small 
molecule/' and it is believed that aU deodrimers curretrily used m the field of OLEDs are 
small molecules. 

[0004] OLBDs make use of thin organic fihns that emit light when, voltage is applied 

across the device. OLBDs are becoming an mcreasingly interesting technology for use in 
applications such as flat panel displays, illumination, and backlighting. Several OLED 
materials and configurations are described in U.S. Patent Nos. 5,844,363, 6,303,23S, and 
5,707,745, which are iucoiporated herem by referance in their entirety. 

[0005] OLED devices are generally (but not always) intended to emit light through at 

least one of Ihe electrodes, and one or more transparent electrodes may be useful in an 
organic opto-electronic device. For example, a transparent electrode material, such as indium 
tm oxide (TTO), may be used as the bottom electrode. A transparent top electrode, such as 
disclosed in U.S. Patent Nos. 5,703,436 and 5,707,745, which are incorporated by reference 
in fheir entiretiBs, may also be used. For a device intended to emit Hght only through the 
bottom electrode, fhe top electrode does not need to be transparent, and may be coniprised of 
a thick and reflective metal layer having a high electrical conductivity. Similarly, for a 
device intended to emit li^t only throu^ the top electrode, the bottom electrode may be 
opaque and / or reflective. Where an electrode does not need to be transparent, using a 
thicker layer may provide better conductivity, and using a reflective electrode may increase 
the amoimt of light emitted through the other electrode, by reflecting light back towards the 
traaasparent electrode. Fully transparent devices may also be fabricated, where both 
electrodes are transparent Side emitdng OLEDs may also be fabricated, and one or both 
electrodes maybe opaque or refiective in such devices. 

[0006] As used herein, "top" means furthest away from the substrate, while "bottom" 

means closest to the substrate. For example, for a device having two electrodes, fhe bottom 
electrode is the electrode closest to the substrate, and is generally the first electrode 
fabricated. The bottom electrode has two surfaces, a bottom surface closest to the substrate, 
and a top surface further away fi-om the substrate. Where a first layer is described as 
''disposed over" a second layer, fhe first layer is disposed further away fixan substrate. There 
may be other layers between the first and second layer, unless it is specified that the first 
layer is "in physical contact with*' the second layer. For example, a cathode may be 
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described as "disposed over" an anode, even though there are various organic layers in 
between, 

SuTTiTngr v of the Invention 

[0010] Devices are provided having an anode, a cathode, and an emissive layer 

disposed between and electrically connected to the anode and the cathode. The emissive 
layer includes an emissive material having more than one metal center. In one embodiment, 
first and second m^l centers are ind^endently selected fiom the groiqi consisting of d7, dS 
and 69 metals. A bridging Hgand is coordinated to the first metal center and to the second 
metal center. la one embodiment, the first and second metal centers each have coordiaation 
numbers of at least 3, and more preferably each have coordination numners of 4. In one 
embodiment, photoactive ligands are coordinated to the first and second metal centers. la 
one embodiment, Ihere are no photoactive ligands. In one embodiment, a chaxge neutral bi- 
nuclear emissive material is provided. In one embodiment the first and metal centers have a 
co-facial configuration, and preferably a square planar co-facial configuration. In one 
embodiment, the metal centers are selected metals having an atomic number greater than or 
equal to 40. 

Brief Description of the Drawings 

[0011] Figure 1 shows an organic light emitting device having separate electron 

transport, hole transport, and emissive layers, as well as other layers. 

[0012] Figure 2 shows an inverted organic emitting device that does not have a 

separate electron transport layer. 

[0013] Figure 3 shows the photoluminescent emission spectrum of a thin film of 

(F2Ppy)2Pt2(SPy)2 doped at 5% into a CBP. 

[0014] Figure 4 shows the excitation spectra of a thin film of (F2ppy)2Pt2(SPy)2 doped 

at 5% in CBP with emission set at 605 nm. The absorption band at 500 nm can be seen. 

[001 5] Figure 5 shows a conq>arison of the emission spectra of FPt, FPtdpm and 

(?2Ppy)2Pt2(SPy)2. Photoluminescent films of FPt, FPtdpm and (F2ppy)2Pt2(SPy)2 in CBP, 
each doped at 5%, ware prepared by spia coating and were excited at 370 nm. 
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[0016] Figure 6 show a schematic representation of the device ITO/NPD 

(400A)/binuclear complex. 9%: CBP (300A)/BCP (120 A. optional)/Zrq4 (350A)/Ii:Al 
(lOOOA). 

[001 7] Figure 7 shows plots of quantum ef&ciency against current density for devices 

having tiie structures illustrated in Figure 6. 

[0018] Figure 8 sihows plots of current density vs. voltage for devices having the 

structures illustrated in Figure 6. 

[0019] Figure 9 shows plots of electroluminescent spectra for devices having the 

structures illustrated in Figure 6. 

[0020] Figure 1 0 shows plots of brightness vs voltage for the devices having the 

structures illustrated in Figure 6. 

[0021] Figure 1 1 shew a schematic representation, of the device ITO/NPD 

(400A)/mCP (200A, optional)/binuclear complex, 9%: mCP (300A)/Ziq4 (350AyLiiM 
(lOOOA). 

[0022] Figure 12 shows plots of quantum efficiency against current density for 

devices having the structures illustrated in Figure 11. 

[0023] Figure 1 3 shows plots of cuirent density vs. voltage for devices having Ihe 

structures illustrated in Figure 1 1 . 

[0024] Figure 14 shows plots of electioluminescent spectra for devices having the 

structures illustrated in Figure 11. 

10025] Figure 15 shows plots of brightness vs volta^ fi>r the devices having the 

structures illustrated in Figure 1 1 . 

[0026] Figure 16 shows the chemical structure of FPt, FPtdpm, and 

(F2Ppy)2Pt2(SPy)2. 
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[0027] Figure 1 7 shows the structure of (F2ppy)2Pt2(SPy)2 as determined by X-ray 

crystallography. 

[0028] Figure 1 8 shows PL emission spectra for Pt2Spy4 in sohition 

[0029] Figure 19 shows absorption spectra for Pt2Spy4 and Spy in solution. 

Detailed Description 

[0030] Generany, an OLED comprises at least one organic layer disposed between 

and electrically connected to an anode and a cathode. As used herein, the term "disposed 
between and electrically connected to" does not indicate that the recited layers are necessarily 
adjacent and in direct contact. Rather, it allows for the disposition of additional layers 
between the recited layers. When a curr^ is applied to the device, the anode injects holes 
and the cathode injects elections into the organic layer(s). The injected holes and electrons 
each migrate toward the oppositely charged electrode. When an electron and hole localize on 
the same molecule, an "exciton/* which is a localized electron-hole pair having an excited 
energy state, is formed. light is emitted when the exiciton relaxes via a pbotoemissive 
mechanism, hi some cases, the esciton may be localized on an excimer or an excipleK. Non- 
radiative mechanisms, such as thermal relaxation, may also occur, but are generally 
. considered undesirable. 

[0031] The initial OLEDs used missive molecules that emitted Hght from their 

singlet states ("fluorescence") as disclosed, for example, in. U.S. Patent No. 4,769,292, which 
is iucorporated by reference in its entirety. Fluorescent emission generally occurs in a time 
J&ame of less lhan 10 nanoseconds. 

[0032] More recently, OLEDs having emissive materials that emit light ftom triplet 

states ("phosphorescence") have been demonstrated. Baldo et al., "Highly Efficient 
Phosphorescent Emission fiom Organic ElectrolnminBscent Devices," Nature, vol. 395, 
151-154, 1998; C^aldo-I") and Baldo et al., "Very high-efficiency green organic 
light-emitting devices based on electrophosphorescence," Appl. Phys. Lett., vol. 75, No. 3, 
4-6 (1999) ("Baldo-n")j which are incorporated by reference in their entireties. 
Phosphorescence may be lefeired to as a "forbidden" transition because the transition 
requires a change in spin states, and quantum mechanics indicates ttiat such a transition is not 
favored. As a result, phosphorescence generally occurs in a time frame exceeding at least 10 
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nanoseconds, and typically greater than 100 nanoseconds. If the natural radiative lifetime of 
phosphorescence is too long, triplets may decay by a non-radiative mechaziism, such that no 
light is emitted. Organic phosphorescence is also often observed in molecules CQntaining 
heteroatoms with unsliared pairs of electrons at very low temperatures. 2^'-Bipyridjne is 
such a molecule. Non-radiative decay mechanisms are typically temperature depaident, such 
that a material that exhibits phosphorescence at liquid nitrogen temperatures may not exhibit 
phosphorescence at room temperature. But, as demonstrated by Baldo, this problem may be 
addressed by selecting phosphorescent con:q)Ounds that do phosphoresce at room 
temperature. 

[0033] Generally, the excitons in an OLED are believed to be created in a ratio of 

about 3:1, i.e„ approximately 75% triplets and 25% singlets. See, Adachi et al,, **Nearly 
100% Internal Phosphorescent Efficiency In An Organic Light Emitting Device," J. Isspph 
Phys., 90, 5048 (2001), whidi is incorporated by reference in its entirety. la many cases, 
singlet excitons may readily transfer their energy to triplet excited states via "intersystem 
crossing," whereas triplet excitons may not readily transfer their energy to singlet excited 
states. As a result, 100% internal quantum efELdency is theoretically possible with 
phosphorescent OLEDs. In a fluorescent device, the energy of triplet excitons is generally 
lost to radiationless decay processes that heat-up the device, resulting in much lower internal 
quantum efficiencies. OLEDs utilizing phosphorescent materials that emit ftom triplet 
excited states are disclosed, for example, in U.S. Patent No. 6,303,238, which is incorporated 
by reference in its entirety. 

[0034] Phosphorescence may be preceded by a transition from a triplet excited state 

to an intermediate non-triplet state from which the emissive decay occurs. For example, 
organic molecules coordinated to lanthamde elements often phosphoresce from excited states 
localized on the lanthanide metal. However, such materials do not phosphoresce directly 
from a triplet excited state but instead emit from an atomic excited state centered on the 
lanthanide metal ion. The europium diketonate complexes illustrate one group of these types 
of species. 

[0035] Phosphorescence from triplets can be enhanced over fluorescence by 

conjBning, preferably through bonding, the organic molecule in close proximity to an atom of 

high atomic number. This phenomenon, called the heavy atom effect, is created by a 

mechanism known as spin-orbit coupling. Snx^ a phosphorescent transition may be observed 
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from an excited metal-to-Hgand charge transfer (MLCT) state of an organometallic molectde 
such as tris(2-phenylpyridine)mdiiim(III). 

[0036] Fig. 1 shows an organic light emitting defvice 100. The figures are not 

necessarily drawn to scale. Device 100 may include a substrate 1 10, an anode 1 15, a hole 
injection layer 120, a hole transport layer 125, an electron blocking layer 130, an emissive 
layer 135, a hole blocking layer 140, an electron transport layer 145, an electron injection 
layer 150, a protective layer 155, and a cathode 160. Cathode 160 is a compound cathode 
having a fkst conductive layer 162 and a second conductive layer 164. Device 100 maybe 
fabricated by depositing the layers described, in order. 

[0037] Substrate 110 may be any suitable substrate that provides desired structural 

properties. Substmte 1 10 may be flexible or rigid. Substrate 1 10 maybe transparent, 
translucent or opaque. Plastic and glass are examples of preferred rigid substrate materials. 
Plastic and metal foils are examples of preferred flexible substrate materials. Substrate 1 10 
may be a semiconductor material in order to facilitate the fabrication of circuitry. For 
exanaple^ substrate 110 may be a silicon wafer i^n which circuits are &ibricated, capable of 
controlling OLHDs subsequently deposited on the substrate. Other substrates may be used. 
The material and thickness of substrate 110 maybe chosen to obtaia desired structural and 
optical prop^ties. 

[003S) Anode 1 15 may be any suitable anode that is sufficiently conductive to 

transport holes to the organic layers. The material of anode 115 preferably has a woric 
fimction higher than about 4 eV (a "high work iimction material"). Preferred anode materials 
include conductive metal oxides, such as indium tin oxide (TTO) and indium zinc oxide 
(IZO), aluminum zinc oxide (AlZnO), and metals. Anode 115 (and substrate 1 10) may be 
sufficiently transparent to create a bottom-emittmg device. A preferred transparent substrate 
and anode combination is commercially available ITO (anode) deposited on glass or plastic 
(substrate). A flexible and transparent substrate-anode combination is disclosed in United 
States Patent No. 5,844,363, which is incorporated by reference in its entirety. Anode 115 
maybe opaque and / or reflective. A reflective anode 115 may be preferred for some top- 
emitting devices, to increase the amount of light emitted from tiie top of the device. The 
material and thickness of anode 115 maybe chosen to obtain desired conductive and optical 
properties. Where anode 1 15 is transparent, there may be a range of thickness for a particular 
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material that is thick enough to provide the desired conductivity, yet thin enough to provide 
the desired degree of transpareaacy. Other anode materials and structures may be used. 

{00391 Hole transport layer 125 may include a material capable of transporting holes. 

Hole transport layer 130 may be iatrinslc (undoped), or doped. Doping may be used to 
^ihance conductivity. a-NPD and TPD are examples of infrinsic hole transport layeis. An 
example of a p-doped hole transport layer is m-MTDATA doped with F4-TCNQ at a molar 
ratio of 50: 1, as disclosed in United States Patent Application No. 10/173,682 to Forrest et 
al., which is incorporated by reference in its entirety. Other hole transport layers may be 
used. 

[0040] Emissive layer 135 will comprise at least one emissive material capable of 

emitting light when a current is passed between anode 115 and cathode 160. Preferably, 
emissive layer 135 contains a phosphorescent emissive material, altibough fluorescesit 
emissive materials may also be used. Phosphorescent materials are preferred because of the 
higher Imninescent efSciencies associated with such materials. Emissive layer 135 may also 
comprise a host material enable of transporting electrons and / or holes, doped with an 
emissive material that may trap electrons, holes, and / or excitons, such that excitons relax 
from the emissive material via aphotoemissive mechanism. Emissive layer 135 may 
comprise a single material that combines transport and emissive properties. Whether the 
emissive material is a dopant or a meyor constituent, emissive layer 135 may comprise other 
materials, such as dopants that tune the emission of the emissive material. Emissive layer 
135 may include a plxirality of emissive materials capable of, in combination, emitting a 
desired spectrum of light. Thus, in one embodiment of the present invention, the emissive 
layer comprises a binnclear enussive material and a second emissive material, such that the 
combined emission sufiBcienfly spans the visible spectrum to give a white emission. 
Examples of fluorescent emissive materials include DCM and DMQA. Examples of host 
materials include AlqS, CBP andmCP. Examples of emissive and host materials are 
disclosed in U.S. Patent No. 6,303,238 to Thompson et al., which is incorporated by 
reference in its entirety. Emissive material may be included in emissive layer 1 35 in a 
number of ways. For example, an emissive small molecule may be incorporated into a 
polymer. Other emissive layer materials and stractures may be used. 

[0041] Electron transport layer 140 may include a material capable of transporting 

electrons. Electron transport layer 140 maybe intrinsic (undoped), or doped. Doping maybe 
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used to enhaBce conductivity. Alqa is an exanople of an intrinsic electron transport layer. An 
example of an n-doped electron transport layer is BFhen doped with li at a molar ratio of 1 : 1, 
as disclosed in Uiuted States Patent Application No. 10/173,682 to Forrest et al., which is 
incorporated by reference in its entirety. Other electron transport layers may be used. 

[0042] The charge carrying component of the electron transport layer may be selected 

such that electrons can be efQciently injected fixim the cathode into the LUMO (Lowest 
Unoccupied Molecular Orbital) level of the electron transport layer. The "charge carrying 
component" is the matedal responsible for the LUMO that actually transports electrons. This 
component may be the base material, or it may be a dopant. The LUMO level of an organic 
material may be generally characterized by the electron affinity of that material and the 
relative electron injection efHciently of a cathode may be generally characterized in terms of 
the work fimctian of the cathode material. This means fbat the preferred properties of an 
electron transport layer and the adjacent cathode may be specified in teems of Ihe electron 
affinity of the charge carrying component of the ETL and the work function of the cathode 
material. Ih particular, so as to achieve high electron injection efQciency^ the work function 
of the cathode material is preferably not greater than the electron affinity of the charge 
carrying componetit of the electron transport layer by more than about 0.75 eV, more 
preferably, by not more than about 0.5 eV. Most preferably, the electron afiSnity of the 
charge carrying component of the electron transport layer is greater than the work^&inction of 
the catitiode mat^ial. Similar considerations apply to any layer into which electrons are being 
injected. 

[0043] Cathode 1 60 may be any suitable material or combination of materials known 

to the art» such ^aat cathode 160 is enable of conducting electrons and it^ecting them into the 
organic layers of device 100. Cathode 1 60 may be transparent or opaque, and nmy be 
reflective. Metals and metal oxides are examples of suitable cathode materials. Cathode 160 
may be a single layer, or may have a compound structure. Figure 1 shows a compound 
cathode 160 having a thin metal layer 162 and a thicker conductive metal oxide layer 164. In 
a compound cathode, preferred materials for the thicker layer 164 include ITO, IZO, and 
other materials known to the art. U.S. Patent Nos. 5,703,436 and 5,707,745, which are 
incojporated by reference in their entireties, disclose examples of cathodes including 
compound cathodes having a thin layer of metal such as Mg^Ag with an overlying 
transparent, electrically-conductive, sputter-deposited ITO layer. The part of cathode 160 
that is in contact with the underlying organic layer, whether it is a single layer cathode 160, 
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the thin metal layer 162 of a compound cathode, or some other part, is preferably made of a 
material having a work: function lower than about 4 eV (a "low work ftmction material"). 
Other cathode materials and structures may be used. 

[0044] Blocking layers may be used to reduce the number of chaise earners 

(electrons or holes) and / or excitons that leave the emissive layer. An electron blocking 
layer 130 maybe disposed between emissive layer 135 and the hole transport layer 125, to 
block electrons &om leaving emissive layer 135 in the direction of hole transport layer 125. 
Similarly, a hole blocking layer 140 may be disposed between emissive layerl35 and electron 
transport layer 145, to block holes from leaving emissive layer 135 in flie direction of 
electron transport layer 140. Blocking layers may also be used to block excitons jfrom 
difiusing out of the emissive layer. The theory and use of blockmg layers is described in 
more detail in XMted States Pateot No. 6,097,147 and United States Patent Application No. 
10/173,682 to Forrest et al., are mcoiporated by reference in their entireties. 

[0045] Generally, injection layers are comprised of a material that may improve the 

injection of charge carriers fiom one layer, such as an electrode or an organic layer, into an 
aijacent organic layer. Injectiosnlayersnmy also perform a charge traosport to In 
device 100, hole injection layer 120 may be any layer that improves the injection of holes 
from a node 115 into hole transport layer 125. CuPc is an example of a material that may be 
used as ahole injection layer fiom an UO anode 115, and other anodes. In device 100, 
electron injection layer 150 may be any layer that improves the injection of electrons into 
electron transport layer 145. LiF / Al is an example of a material that may be used as an 
electron injection layer into an electron transport layer firom an adjacent layer. Other 
materials or combinations of materials may be used for injection layers. Depending upon the 
configuration of a particular device, injection layers may be disposed at locations diffewnt 
than those shown in device 100. More examples of injection layers are provided in U.S. 
Patent AppKcation Serial No. 09/93 1,948 to Lu et al., which is incorporated by reference in 
its entirety. A hole injection layer may comprise a solution deposited material, such as a 
spin-coated polymer, e.g., PEDOTrPSS, or it may be a vapor deposited small molecule 
material, e.g., CuPc orMTDATA. 

£00461 A hole iigection layer (HSL) may be used to planarize or wet the anode surfece 

as well as to provide efficient hole injection &om the anode into the hole injecting materiaL 
A hole injection layer may also have a charge canying component having HOMO (Highest 
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Occiqiied Molecular Orbital) energy levels that favorably match up, as defined by their 
herein-described relative ionization potential (IP) energies, with the adjacrait anode layer on 
one side of the HIL and the hole transporting layer on the opposite aide of the HEL The 
"charge carrying component" is the material responsible for the HOMO that actually 
tcanspOTts holes. Ihis component may be the base material of the HII^ or it may be a dopant 
Using a doped HIL allows tiie dopant to be selected for its electrical properties, and the host 
to be selected for morphological properties such as wetting, flexibility, toughness, etc. 
Preferred properties for the HIL material are such that holes can be efficiently injected from 
the anode into the HIL material. In particular, the charge carrying component of the HTT. 
preferably has an IP not more than about 0.7 eV greater that the IP of the anode material. 
More preferably, the charge carrying component has an IP not more than about 0.5 eV greater 
than the anode material. Similar considerations apply to any layer into which holes are being 
injected. HIL materials are furtiher distinguished from convsitional hole transporting 
materials that are typically used in the hole tian^orting layer of an OLED in that such HIL 
materials may have a hole conductivity that is substantially less than tiie hole conductivity of 
conventional hole transporting materials. The thiclaiess of the WL of the present invention 
may be thick enough to help planarize or wet the surface of the anode layer. For example, an 
HIL thickness of as little as 10 nm may be accc5)table for a very smooth anode surfece. 
However, since anode surfaces tend to be very rou^ a thickness for the TTH. of up to 50 nm 
may be desired in some cases. 

[0047] A protective layer may be used to protect underlying layers during subsequent 

fabrication processes. For example, the processes used to fabricate metal or metal oxide top 
electrodes may damage organic layers, and a protective layer may be used to reduce or 
eliminate such damage. In device 100, protective layar 155 may reduce damage to 
underlying organic layers during the fabrication of cathode 160. Preferably, a protective 
layer has a high carrier mobility for the type of carrier that it transports (electrons in device 
100), such that it does not significantly increase the operating voltage of device 100. CuPc, 
BCP, and various metal phthalocyanines are examples of materials that may be used in 
protective layers. Other materials or combinations of materials may be used. The thinTrppss 
of protective layer 155 is preferably thick enough that tiiere is little or no damage to 
underlying layers due to fabrication processes that occur after organic protective layer 160 is 
d^sited, y^ not so thick as to significantly increase the ppeiating voltage of device 100. 
Protective layer 1 5 5 may be doped to increase its conductivity. For example, a CuPc or BCP 
protective layer 160 may be doped with Li. A more detailed description of protective layers 
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maybe foimd in U.S. Patent Application Serial No. 09/931,948 to Lu et al., which is 
incorporated by reference in its entirety. 

[0048] Figure 2 shows an inverted OLED 200. The device includes a substrate 210, a 

cathode 215, an emissive layer 220, a hole transport layer 225, and an anode 230. Device 
200 may be febricated by depositing Hoe layers described, iia order. Because the most 
common OLED configuration has a cathode disposed over the anode, and device 200 has 
cathode 215 disposed under anode 230, device 200 may be referred to as an "inverted" 
OLED. Materials similar to those desaibed with respect to device 100 may be used in the 
corresponding layers of device 200. Figure 2 provides one example of how some layers may 
be omitted from the structure of device 100. 

[0049] The sinnple layered structure illustrated in Figuxes 1 and 2 is provided by way 

of nonrlimiting example, and it is understood that embodimoats of the invention may be used 
in comiection with a wide variety of other structures. The specific materials and structures 
described are exemplary in nature, and other materials and stractures may be used. 
Functional OLEDs may be achieved by combining the various laycsrs described in different 
ways, or layers may be omitted entirely, based on design, performance, and cost i^tors. 
Other layers not specifically described may also be included. Materials other than those 
specifically described may bejised. Althou^ many of the examples provided herein 
describe various layers as comprisiiig a single material, it is understood that combinations of 
materials, such as a mixture of host and dopant, or more generally a mixture, may be used. 
Also, the layers may have various sublayers. The names given to the various layers herein 
are not intended to be strictly limiting. For example, in device 200, hole transport layer 225 
transports holes and injects holes iuto emissive layer 220, and maybe described as a hole 
transport layer or a hole injection layer. In one embodiment, an OLED may be described as 
having an "organic layer" disposed between a cathode and an anode. This organic layer may 
comprise a single layer, or may Jftirther comprise multiple layers of different organic materials 
as described, for example, with respect to Figures 1 and 2. 

[0050] Structures and materials not specifically described may also be used, such as 

OLEDs con^sed of polymeric materials (PLEDs) such as disclosed in U.S. Pat. No. 
5^7,190, Friend et al., which is incorporated by reference in its entirety. By way of further 
example, OLEDs having a single organic layer may be used, OLEDs may be stacked, for 
example as described in U.S. Patent No. 5,707,745 to Forrest et al, which is incorporated by 
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leferemce in its enjdrety. The OLED stmctuie may deviate jB^om the simple layered structure 
illustrated in Figures 1 and 2. For exanq)le, the substrate may include an angled rejQiectivc 
surface to improve out-coupling, such as a mesa structure as described in U.S. Patent No. 
6,091,195 to Forrest et al., and / or a pit structure as described in U.S. Patent No. 5,834,893 to 
Buiovic et aL, which are incorporated by reference in their entireties. 

[0051] Unless otherwise specified, any of the layers of the various embodiments may 

be deposited by any suitable method. For the organic layers, preferred methods include 
tiiemial evaporation, ink-jet, such as described in U.S. Patent Nos. 6,013,982 and 6,087,196, 
v/bkh are incorporated by r^erence in their entireties, organic v£^or phase deposition 
(OVPD), such as described in U.S. Patent No. 6,337,102 to Forrest et al., which is 
incQxporated by reference in its entirety, and deposition by organic VE^jor jet printing (OVXP), 
such as described in U.S. Patent Application No. 1 0/233,470, which is incorporated by 
reforence in its entirety. Other suitable deposition methods include spin coating and other 
solution based processes. Solution based processes are preferably carried out in nitrogen car 
an inert atmosphere. For the other layers, preferred methods include thesmial evaporation. 
Preferred patterning methods include depositian through a mask, cold welding such as 
described in U.S. Patent Nos. 6,294,398 and 6,468,8 19, which aw hicorpoiated by reference 
in their entireties, and patterning associated with some of the deposition methods such as ink- 
jet and OVJD. Other methods may also be used. The materials to be deposited may be 
modmed to make them compatible with a particular deposition m^hod. For example, 
substituents such as alkyl and aryl groups, branched or unbianched, and preferably contammg 
at least 3 carbons, may be used in small molecules to enhance their ability to undergo 
solution processing. Substituents having 20 carbons or more may be used, and 3-20 carbons 
is a preferred range. Materials with asymmetric structures may have better solution 
processibility than those having symmetric structures, because asymmetric materials may 
have a lower tendency to recrystallize. Dendrimer substituents maybe used to eohance the 
ability of small molecules to undergo solution processing. 

[0052] Devices fabricated in accordance with embodiments of the invention may be 

mcoiporated into a wide variety of consumer products, including flat panel displays, 
computer monitors, televisions, billboards, Ughts for interior or exterior illumination and / or 
signaling heads up displays, jfiilly tran^arent displaj®, flexible displays, laser prmters, 
telephones, cell phones, personal digital assistants (PDAs), laptop computers, digital cameras, 
camcorders, viewfinders, micro-displays, vehicles, a large area wall, theater or stadium 
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screen, or a sign. Various control mechanisms may be used to control devices fabricated in 
accordance with the present invention, inclnding passive matrix and active mafajy, Many of 
the devices are intended for use in a temperature range comfortable to humans, sudi as 18 
degrees C to 30 degrees C, and more preferably at room temperature (20 - 25 degrees C), 

[0053] The materials and stractures described hereiii may have £q)pKcatians in devices 

ottier than OLEDs. For example, other optoelectronic devices such as organic solar cells and 
organic photodetectors may employ the materials and structures. More generally, organic 
devices, such as organic transistors, may employ the materials and structures. 

[0054] As used herein, "solution processible" means capable of being dissolved, 

dispersed, or transported in and/or deposited fiom a liquid medium, either in solution or 
suspension form. 

[0055] The term "binuclear" as used herein refers to a complex having exactly two 

metal centers. The bmuclear compounds of the present invention comprise two metal 
centers, wherein each metal center is bound to at least one bridging Ugand that is bound to 
both of the metal centers. In one embodiment, each metal center is also bound to at least one 
"photoactive" ligand in addition to the at least one bridging ligand. The hgands bound to 
each metal center mayj>rovide that metal center with a ron^y square planar configuration. 
In some embodim«its of the invention, there may be more than two metal centers, but such 
embodiments would not be described as "binuclear " 

[0056] Emissive materials of embodiments of the present invention may comprise at 

least one '•bridging ligand." Has ligaud is referred to as bridging because it is bound to two 
dififeirait metal centers. The bridging ligand(s) may be capable ofbonding to two metal 
centers such that the two metal centers are in close proximity, typically within about 4 A. 
Distances of 4 A and less between the metal centers allow for significant overlap of the d- 
oibitals of llie individual metal atoms. Preferably, the two metal centers of a binuclear 
complex are about 2.5 to about 2.8 A apart. The choice of bridging ligands allows for tihe 
adjustment of the distance between the two metal centers. By changing the bridging ligrnids, 
the energy of the emission from the binuclear complex can be tuned. 

[0057] In some embodiments, two metal centers are bound togther in a co-&cial 

configuration by one or more bridging ligands. The co-facial configuration is preferred 
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because the distance between the metal centers, and therefore the emission spectra of the 
molecule, is more readily tunable in a co-fecial configuration. For example, depending upon 
the choice of bridging ligands, a co-facial configuration could result in metal-metal distances 
of 2 A or less. Distance this small naay be difficult to achieve with configurations that ate not 
co-fedal. "Co-facial" means that there are at least three bonds fix)m each metal center that 
define a plane perpendicular to the axis between the two metal centers. A preferred co-facial 
configuration is a square planar co-facial configuration, that may be achieved, for example, 
with d* metals* In the square planar configuration, each metal center has four bonds, all 
approximately in the same plane, and separated by one anotiier by approximately 90 degrees. 
(P'2PPy)2Pt2(SPy)2, as illustrated in Figures 10 and 11, is an exan^le of a square planar co- 
facial binuclear metal compound. 

[0058] Preferably, the metal centers are not first row transition metals, and are rather 

selected fix>m the second row metals and higher on the periodic table of elements, le., metals 
having an atomic number greater than or equal to 40. Metals fi-om the second row and higher 
have higher spin orbit coupling which leads to emissive materials having a higher 
phosphorescent yield. 

[0059] Some embodiments have photoactive ligands coordinated with both metal 

centers. Jhe emission of such embodiments may be tuned by using the bridging ligand to 
achieve and control interaction between the % orbitals of two photoactive ligands coordinated 
to different metal centers. It is believed that a significant n-n interaction will occur between 
the two photoactive ligands if they are held together at a distance of 3.5 A or less. 

[0060] It is also preferred, that the bridging ligand is not capable of acting as a 

bidentate ligand. Thus, it is preferable that the bridgmg ligand be selected so that the binding 
sites preferaatially bond to two different metal centers rather tihtan to the same metal center. 

[0061] The bridging ligands may be referred to as "ancillary" becaiise it is believed 

that they may modify the photoactive properties of the molecule, as opposed to directly 
contributing to the photoactive properties. However, it may be possible that the bridging 
ligand is part of the emissive system. The definitions of photoactive and ancillary are 
intended as non-limiting theories. 
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[0062] The bridging ligand provides a stable linkage between the two metal centers of 

a binuclear ©missive contpoimd. The bridging ligand may be symm^c (i.e., the binding 
sites to the metal centers are the same) or asymmetric (i.e., the binding sites to the metal 
centers are inequivalent). Thus, the bridging ligand is a molecule having at least two sites for 
coordination. Suitable bridging ligands maybe chosen from those known in the art that are 
capable of providing a stable hmuclear species. In this context, the term stable refers to the 
stability of the binuclear complex when incoiporated into a li^t emitting device, and 
especially during the operation of such a device. Some suitable ligands are disclosed in: 
Matsumoto et al., "Organometallic chemistry of platinum-blue derived platinumlll dinucleax 
complexes," Coordination Chemistry Reviews 231 (2002), pages 22^238 and Tefel et al, 
"From Platinum Blues to Rhodium and Iridium Blues," Chem. Eur. J, (1999) 5, No. 4, pages 
1 131-1135; Belitto et aL, "Metal-Metal Interactions in One Dimension. 3. Segregated Canted 
Stacks of Tetrakis (ditfaioacetato) dipfcrtinum (11)," Inorg. Chem. (1980) 19, pages 3632- 
3636; Oskui et aL, 'TO- and Iripalladimn(II) and -platmumOD^ Complexes Containing 7- 
Amino-U8-naphthyridin-2-one as a Bridging Ligand - Oxidation of a [Pt3]6+ Core to 
[Pt3]8+," Eur. J. Inorg. Chem. (1999) 1325-1333; Navarro et al., "Binuclear PlatinumCff) 
Triazolopyrimidine Bridged Complexes. Preparation, Crystal Structure, NMR Spectroscopy, 
and ab Initio MO Investigation on the Bonding Nature of the Pt(II)... J*t(II) Inta:action in the 
Model Compound {Pt2[NHCHN(C(CH2)(CH3))]4}," Ihorg. Chem. (1996) 35, 7829-7835; 
Lewis et al., *piijomerization and Two-Center Oxidative Addition Reactions of a Dimeric 
Rhodium(l) Complex," J. Am. Chem. Soc. (1976) 98, 7461-7463, each of which are 
incorporated by refeteuce. 

[0063] In a preferred embodiment of the invention, the bridging ligand(s) is a 

compound of foimula IH 




(m) 

wherein X and Y are selected fiom atoms or moieties capable of forming a dotiative bond to a 
metal center, and B is a five- or six-membered ring. The dashed line represents an optional 
double bond. Preferred bridging ligands include: 
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and derivatives thereof. Other preferred bridging ligands are carboxylates (RCOO"), 
tbiocarboxyloic acids (RCSS"), pyrophosphate COsP-O-POs"), or a csompound of the fbtmiila 



and derivatives thereof 



[OOM] Yet other preferred taidgmg ligands include: 



V-^ X, 



BL-2 BL-3 



BL-1 



Jfs. ^Yv 



BL-4 BL-5 



BL-6 



where: 

X and Z are selected ftom the groiq> consisting of C, CR, O, N, NEl, S and P; 

Y is selected from the group consisting of C, N, S and P; 
R is H or any organic substituent; and 

N and ate iQrdrocarbon chains having 4-^ members, possibly including heteroatoms. 



[0065] The bridging ligand(s) ensures that the two metal centers of the binuclear 

emissive material are maintained in close proximity to each other. This allows the binnclear 
emissive material to emit from a colledive escdted state, rather than &om single-metal 
(monomer) species. The two metal centers can be strongly or weakly coupled in the ground 
state. The conditions may lead to very di:^erent photophysical processes. 

[0066] A bmuclear species that is weakly interacting in the ground state (M-M 

distance > 3 A) is likely to have an excimer like excited state. Generally, an excimer is 
formed when individual Imnophores are bound in the excited state but not bound in the 
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ground state. An excimer is a dimer with an excited state wavefunction that extends over two 
molecules or constituent species. For the purposes of tibe present invention, a "constituent 
species" refers to an individual metal complex, a metal center and the ligands to which it 
is attached. For the binuclear emissive materials of die present invention, the two metal 
complexes that comprises the excimer are held in relatively close proximity by virtue of the 
bridging ligands. The excited state wavefunction in this system extends over both metal 
complexes and generally leads to a marked decrease in the intemuclear spacing. When the 
excited state relaxes the two parts of the molecule repel each other and the syst^ returns to 
the bi^er intemuclear separation found in the ground state. This weakly interacting system 
does not represent a true excimer, since the two constituent species can not completely 
dissociate, due the constraints of the bridging ligands. The photophysics is an excimer-hke 
process however, le. excitation of one of the metal complexes, extension of the excited state 
wave function to both metal complexes, contraction, relaxation (emitting light) and finally, 
expansion. 

[0067] A binuclear species having strongly interacting metal complexes may exhibit 

different photophysics. In this case, the ground state configuration may involve the 
formation of a M-M bonding orbitals. For d^ metal complexes, this bonding orbital involves 
the contribution of two electrons firom each metal center, forming filled a bonding and a 
ffltttibonding (a*} orbitals^ leading to a net bond order for this interaction of 0. This bonding 
picture has been described previously and is well known to those skilled in the art. See, Siu- 
Wai Lai et al., "Probing d 8 -d 8 fiateractions in Lunodnescent Mono- and Binuclear 
CyclometalatedPlatinum(n) Complexes of 6-Phenyl-2,T-bipyridines," Inorg. C3iem. (1999) 
38, 4046-4055; Mann et al., "Characterization of Oligomers of Tetrakis(phenyl 
isocyanide)rhodium{I) in Acetonitrile Solution," J . Am. Chem. Soc. (1975) 97, 3553-3555, 
each of which are incorporated by reference, 

[0068] In the ground state, the hi^est filled orbital is generally the <t* orbitaL The 

photophysics for this situation iavolves the promotion of an electron fixan the M-M a* orbital 
to a It* orbital of the ligand or a higher lying M-M bonding orbital. 

[0069] When the accepting orbital is the n* orbital, the transition is referred to as an 

MMLCT (metal-metal-to-ligand-charge-transfer). The 7C* orbital is the same state involved 
in tiie MLCT transition of amonomedc version of the binuclear complex, and is generally 
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associated with a ^^photoactive ligand." Some contraction of the M-M distaace is expected in 
fhe MMLCT excited state, since the <j* orbital is depopulated, but the uatuie of the transition 
is very different than the excim^-like transition described fi>r the weakly interacting system. 
See, Novozhilova et al., "Theoretical Analysis of the Triplet Excited State of fhe 
[Pt2(H2P205)4]4- Ion and Comparison with Time-Resolved X-ray and Spectroscopic 
Results," J . Am. Chem. Soc. (2003) 125, 1079-1087; Rice et al., "Electronic Absorption and 
Emission Spectra of Binuclear Platiniim(Il) Complexes. Characterizatian of fhe Lowest 
Singlet and Triplet Excited States of Pt2( H2P205)44-," J . Am. Chem. Soc. (1983) 105, 
4571-4575, each of which is incorporated by reference. 

[0070] While excitation of the weakly iateracting system is the same as a monomeric 

version, the MMLCT gives rise to a new absorption for the <y* to transition, which is not 
present in the absorption spectrum of the monomeric complex. For exaniple, this new band is 
seen in the excitation spectra of the binuclear Ft complex (F2Ppy)2Pt2(SPy)2 at 500 nm (see 
Figure 4). 

[0071] A binuclear material may have some degree of metal-metal bonding that 

occurs in Ihe ground state. Practically, it can be difficult to detamine whether the constitu^ 
species comprising the binuclear emitter are directly bound in the ground state or not, when 
doped into molecular thin fihns, of the type used for the fabrication of OLEDs. It may be the 
case for some emitteirs that the tmth is somewhere between the extremes. For example, the 
constituent species compxising the binuclear emitter may have a weak metal-metal bond in 
the gromid state, but in the excited state the bond shortens and the species becomes strongly 
bound. In this case, the emitter is not a "true" excimer, as the constituent species are bound 
in fhe ground state. The constituent species may well be involved in both stacking and 
metal-metal interactions in the doped fihns, leading to either excimer or MMLCT excited 
states. Thus, the term "excimer" as used herein may in some cases refer to constituent 
species having strongly bomid excited states and weakly bound ground states. 

[0072] The excimer energy is lower than tihat of an exciton localized on either of the 

two constituent species that make it up and its emission is typically relatively broad. Since 
excimers lack a bound ground state, they provide a unique solution to the achievement of 
efGcient energy transf^ from the charge-carrying host matrix to the light emitting centers. 
Indeed, for the case of two endtting materials, use of an excimer prohibits energy transfer 
between the two emitters, eliminating comphcated intermolecialar interactions, which make 
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color balancing using multiple dopants problematic. For a review of the properties of 
excimers and excitons see Andrew Gilbert and Jim Baggott, Essentials of Molecular 
Photochemistry, 1991, CRC Press, Boston, pp. 145-167. 

[0073] The photoactive ligand is referred to as photoactive because it is believed that 

it contributes to the photoactive properties of the emissive material by providing a orbital 
for an electron. Whether an electron is ionized from a ligand-based ii* orbital, or moves from 
a metal-based orbital to the ligand-based orbital, the ligand is considered photoactive. The 
photoactive ligand may be bidentate or trid^tate, wherein the temis bidentate and trideatate 
refer to the number of bonds the ligand has to a single metal center. For the photoactive 
ligand, preferably at least one of the bonds to the metal center will be a carbon-metal bond. 
In a preferred embodiment of the invention, the photoactive Ugands comprise one or more 
aromatic rings. In some embodiments of the present invention, a furst photoactive ligand 
cootdinated to a furst metal center and a second photoactive ligand coordinated to a second 
metal center are held in proximity by the bridging ligand(s) and the first and second metal 
centers allowing for a n-^ interaction between the first and second photoactive Hgands. Any 
suitable photoactive ligand may be used. In some embodiments, the first and second 
photoactive ligands nnay have the same structure. 



[00741 In^oiie embodimentAf the present inveatioii,-the bimiclear emissive compound 

comprises two metal centers, wherein, each metal center is bound to a tridentate photoactive 
ligand and to one of the binding sites of a bridging Ugand to give a compound of formula I 




(I) 



wherein A is a tridentate photoactive ligand, L is a bridgtng ligand and each M is a metal 
center. In this embodiment the metal centers each have a square planar configuration. The 
photoactive tridentate ligand. A, is bound to the metal center through three bonds, at least one 
of which is a carbon-metal bond and the remaining bonds to the m^al being donative 
(heteroatom-metal) bonds. pFeferred tridentate ligands are liicyclic aromatic compounds. In 
one embodiment of the invention, A is a tridentate photoactive ligand of the formula Ha 
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(Ha) 



wherein Ari is a five or six membered azacyclic ring, wherein the ring has a nitrogen atom at 
the 2-position that is capable of forming a donative bond to the metal center. The 2-position 
is defoied herein as the position adjacent in the ring to the bond to the central pyridine ring. 
In a preferred embodiment, Ati is pyridine or a substitiited pyridine and A12 is ph^yl or a 
substituted phenyl. 

[0075] In anoth^ embodiment of Ihe invention, A is a tridentate photoactive ligand of 

the formula lib 



wherein Ar% and Ar4 are independently selected five or six membered azacyclic rings, 
wherein each ring has a nitrogen atom at the 2-position that is capable of forming a donative 
bond to the metal center. In a preferred embodiment, one of the rings AX3 and Ar4 is pyridine 
or a substituted pyridine. In a particularly preferred embodiment, both Axs and Ar4 are 
pyridine or a substituted pyridine. 

[0076] In one embodiment of the present invention, the binuclear emissive compound 

comprises two metal centers, wherein each metal center is bound to a bidentate photoactive 
ligand and to two bridging Hgands to give a compound of £>rmula HI: 



whereia A' is a bidentate photoactive ligand, L is a bridging ligand and M is a metal center. 
The bidentate photoactive ligand, A% has one metaI-<^arbon bond and one donative 
(heteroatom-metal) bond, and can be selected firom a wide variety known to the art. Iq a 
particularly preferred embodiment. A' is selected fi:om 2-phenylpyridine and derivatives 
thereof. Many preferred bidentate photoactive ligands include the following partial structure, 
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coordinated with the metal, so as to form a cyclometallated organometallic compound such as 
disclosed in US-2003-0017361, which is incorporated in its entirety by reference, as shown: 

M may be any suitable metal, for example a d7, dS or 69 metal, and the dotted lines represent 
bonds to the rest of the photoactive ligand. 

[0077J In one embodiment of the iixventioi], the binxtclear emissive compound 

comprises two metal centers bound by bridging ligands. This embodiment may not have any 
photoactive ligands. For example, the two metal centers may be bound by four bridging 
ligands to give a compound of the formula IV: 




wherein M is a metal center and L is a bridging ligand. 

[00781 Where a compound having two metal centers, including binuclear coinpounds» 

does not have any photoactive ligands, light emission may occur by a mechanism that does 
not involve a n* orbital associated with a photoactive ligand. Specifically, the HOMO of a 
binuclear coni^ound that does not have any photoactive ligands may also be a a* oibital, 
composed predominantly of metal d^a orbitals. The LUMO in the unexcited state may be a Qp 
orbhal (cr bonding orbital formed by overlap of high lying metal pz orbitals), such that an 
excited state may occur when an electron moves firom the <j* orbital to the CTp orbital. Such a 
transition may reduce the distance between the two metal centers for two reasons, first 
because the anti-bonding cr* orbital becomes depopulated and second because the bonding cjp 
orbital becomes populated. Emission may occur by relaxation of an electron fi»m the Op 
orbital to the a* orbital. This type of emission is expected to be phosphoreseceat 

2'' 
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[0079] Generally, a molecule having a photoactive ligand will have a LUMO 

associated with a orbital, not the a-p orbital. Many previous efforts to obtain 
phosphorescent blue-emitting materials involved tuning the difference between a n* orbital 
associated with a photoactive ligand and a orbitaL Bmbodiments of the present invention 
allow blue materials to be obtained by designing a binuclear or mutdnuclear molecule 
without a photoactive ligand, such that the LUMO is no longer a 71* orbital. Rather, the 
LUMO is a cTp orbital, and the emission spectra is determined by the energy difference 
between the a* and ap orbitals. This energy difference may be tuned in several ways. First, 
the distance between the metal centers may be controlled through selection of the bridging 
ligands. This distance has a strong effect on the energy difTerence between the and ap 
orbitals, and hence the emission spectra. All else being equal, smaller distances will 
generally result in lower energies and red-shifted emission, while greater distances wiU result 
in higher energies and blue-shifted emission. Second, the bridging Hgands maybe selected to 
time the electronic structure of the metal centers. For example, the a* and Op orbitals in a 
binuclear molecule are the result of an interaction between the dz orbitals of the individual 
metals centers. Some bridging ligands may significantly influence the energies of metal d 
and p orbitals though ligand field interactions. Such ligand field '*timing" of orbital energies 
may lower or raise the energies of the individual metal d and p orbitals, depending on the 
nature of the'bridgmg ligand and Sielionding arrang^ent. Thus, it is possible that such 
ligand field effects could increase the energy difference between the atomic orbitals of the 
two metal centers and increase the energy difference between the a* orbital and the Op 
orbital, thereby blue-shifting the emissioQ spectrmn of the molecule. 

[0080] In a prefisrred embodiment, a binuclear emissive material has two metal 

centers bound to each other by four bridging ligands, with no photoactive ligands. The metal 
centers preferably have four coordination sites. Pt is a preferred metal for the metal centers, 
because it has four coplanar coordination sites. 

[0081] Preferably, the metal centers of a binuclear emissive material have at least 3 

coordination sites, and more preferably at least 4 coordination sites. It is believed that 
materials having metal centers with 3 or 4 coordination sites tend to be more stable than 
materials having fewer coordination sites. It is believed that metal centers having at least 4 
coordination sites may tend to be particularly stable. A metal having exactiy 4 coordination 
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sites in a coplaner arraagement, sach as Pt, may lead to particularly stable binuclear 
molecules. 

[0082] The compounds of embodiments of the present invention comprise two metal 

centers. The metals may be selected ftom the heavy metals with an atomic weight greater 
than 40. The piefanred electronic configuration of the metal center has ei#it d electrons (e.g. 
Pt(II)o Pd(II), Ni(II), IrCO, Rhi®. AgOU), Au(m), eta), but &e invention is not limited to 
these metals or oxidation states. These metal centers are referred to as "dS" metal centers. 
dS metal centers axe preferred because there is geaierally a strong interaction between two d8 
metal centers, even thou£^ thwe is no bond in the ground state. Pt is a particularly preferred 
d8 metal center. Other electronic configurations that may be used include metal centers 
having 7 d electrons ("d7'* metal centers), and metal centers having 9 d electrons ("d9" metal 
cmt&cs). 610 metal centers are not preferred, because fhey generally have a long intmction 
and no bond in the ground state. In some CTbodiments, a binuclear con^lex may be fooned 
from two metals having a differmt nnmber of d electrons, i.e., a d? metal may be paired with 
a d8 metal. Preferably, the two metals have the same number of d electrons. Most 
preferably, for ease of fabdcatLon, the two metal caiters of a binuclear complex are the same 
metal. 

10083] In some embodiments^ an endssive material is a binuclear charg&*neutral 

compound. Charge neutral compounds are preferred for some applications because they are 
easier to sublime and vacuum deposit, such that device £ibrication by certain methods is 
facilitated. Compounds that are not charge-neutral may be used in other embodiments, but 
sublimation of such compounds may be difiScult such that solution processing is preferred for 
such compounds. 

[0084] It is understood that the various embodiments described herein are by way of 

example only, and are not intended to limit the scope of the invention. For example, many of 
the materials and structures described herein may be substituted with other materials and 
structures without deviating from the spirit of the invention. It is understood that various 
theories as to why the invention works are not intended to be limiting . For example, theories 
relating to charge traos&ar are not intended to be limiting. 

Material Definitions: 

[0085] As used herein, abbreviations refer to materials as jfoUows: 
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CBP: 4,4'-N,N-dicarbazole-biphenyl 

m-MTDATA 4,4^4"-tris(3-methylphenylphenlyamino)triphenylan^ 

Alqs: S-tris-hydroxyqumolme aluminum 

Bphen: 4,7-dtphe3iyl-l»10-phetiatid]roline 

n-BPhen: n-doped BPhen (doped with lithium) 

F4-TCNQ: tetrafluoro-tetracyano-qiiinodimethane 

p-MTDATA: p-doped m-MTDATA (doped with F4-TCNQ) 

^(PPVh' tris(2-phenylpyridine)-iridiiim 

IrCppz)^: tiis(l-pheaylpyrazoloto,N,C(20mdiiim(EII) 

BCP: 2,9-dimethyl-4J-diphenyl- 1 , 1 0-phenanthroline 

TAZ: 3-plienyl-4-(r-iiaplitliyl)-5-phenyl-l,2,4-triazole 

CuPc: copper phthalocyanine. 

ITO: indium tin oxide 

KPD: nq)hthyi--phen3d-diamine 

TPD: N,N-bis(3-raetliylphenyl)-N,N'-bis-(phetiyl)~beiizidine 

BAlq: almninurn(III)bis(2-methyl-8-qiimolinato)4-ph€nylphen^^^ 
mCP: l,3-N,N-dicarbazole-beDzeae 

DCM: 4-(dicyanoefhylene)-^-(4-dimethylaminostyr5d-2-methyl)-4H-pyran 

DMQA: NJ^I'-diraethylquinacridone 

PEDOTdPSS : jeoo. aqpeous dispersion of poly(3,4-ethylenedioxy£hiophene) with 

polystyrenesulfonate (PSS) 

KPt: Platinum(II) (2-<4-,6-difliiorophenyi)pyridinato-N,C?) (2,4- 

pentanedionato-0,0) 

FPtdpm: PlatinumCEI) (2-(4",6-.difluorophenyl)pyridinato-N,tf) (2^,6,6- 

tetramethyl-SjS-heptanedionato-OjO) 

(F2ppy)2Pt2(SPy)2: di-PIadnum(n), bis(2-{4-,6-difluorophenyl)pyridmato-N,C^) bis[ii-(2- 

pyridinetbionato-Nl :S2)] 

Pt2Spy4: di-PIatinumCa), tetrakis[ii-(2-pyridinethianato-Nl :S2)] 

Spy; 2-thiopyridine 

EXPERIMENTAL: 

[0086] Specific representative embodiments of the invention will now be described. 



including how such embodiments may be made. It is understood that the specific methods. 
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materials, conditions, process parameters, apparatus and the like do not necessarily limit the 
scope of the invention. 

Example 1 

[0087] 2-Mercaptopyridine (0.53g, 4.80nmiol) was added to a mettianolic solution of 

4,6-d^yPtdimer (2.00g, 2.38 mmol), as described in Brooks et al., "Synthesis and 
Characterization of Phosphorescent Cyclometalated Platinum Complexes," Inorganic 
Chemistry, 2002, 41(12), 3055-3066, which is incorporated by referoMse in its entirety. 
Potassimn carbonate (O^Og) was added to the solution and heated to 60°C for IS hours. The 
solution was th©a cooled and the solvent was removed tmder reduced pressure. The crude 
product was dissolved in acetone and passed through a silica gel column with acetone as the 
eluent. The solvent was once again removed under reduced pressure and the product was 
recrystalised from methanol to give an 82% yield of (F2ppy)2Pt2(SPy)2 as a red crystalline 
compoimd. 

Example 2 

[0088] A glass substrate was prepared by washing with detergent and rtnsing with 

deionized water followed by acetone. The glass was then dried under a stream of nitrogen 
and th^ placed in an ozone oven for 10 minutes. A 100 ml solution of (F2ppy)2Pt2(SPy)2 / 
CBP was prepared (solution A) by dissolving 5.00mg j3F2i>py)d>t2(SPy)2 and lOOmg of CBP 
in toluene in a 100 ml volumetric flask. A 100 ml solution of FPt / CBP was prepared 
(solution B) by dissolving S.OQmg FPt and lOOmg of CBP in toluene in a 100 ml volumetric 
flask. Two thin fUbnos were prepared &om these solutions. Solution A was spincoated on the 
glass substrate at 40,000 rpm for 40 seconds to give the (F2ppy)2Pt2(SPy)2 thin film . Solution 
B was spincoated on another glass substrate at 40,000 rpm for 40 seconds to give the FPt thin 
film. 

[0089] The tiiin fihn of (F2ppy)2Pt2(SPy)2 doped in CBP was excited with two 

spectra, one peakiag at 370 nm and the other peaking at 500 mn. These two ^ectra were 
selected to roughly coincide with the absorption spectra of CBP and CF2ppy)2Pt2(SPy)2, 
respectively. The resultant PL spectra are shown in Figure 3. Plot 310 shows the PL spectia 
for excitation at 370 nm. Plot 320 shows tiie PL spectra for excitation at 500 ran. The plot 
for excitation at 370 mn shows that energy absorbed by tiie CBP may be tiansfened to the 
(P2Ppy)2Pt2(SPy)2 and emitted as light. 
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[0090] Figure 4 shows the excitation spectra of the thin fibn of (F2ppy)2Pt2(SPy)2 

doped at 5% in CBP with emission set at 605 mn. Plot 420 is based on the same data as plot 
41 0» but the values have been multiplied by 20 so that more detail can be seen. The peak 
around 350 nm, most clearly visible in plot 410, is due to absorption by CBP. The peak 
around 500 nm, most clearly visible in plot 420, is due to absorption by (F2Ppy)2Pt2(SPy)2, 
and demonstrates an interaction between the two Pt metal centers in the ground state. 

[0091] Figure 5 shows a comparison of the emission spectra of EPt, FPtdpm and 

(F2Ppy)2Pt2(SPy)2. PhotolmmnesccntfihnsofFPt,FPtdpmand(F2ppy)2Pt2(SPy)2inCBP, 
each doped at 5%, were prepared by spin coating as described above and were excited at 370 
nm. The PL spectra for FPt, FPtdpm and (F2ppy)2Pt2(SPy)2, respectively, are shown as plots 
510, 520 and 530. 

Example 3 

[0092] Organic light emitting devices were grown on a glass substrate pre-coated 

with a ~100 nm thick layer of indium-tin-oxide (TTO) having a sheet resistance of -20 Q/D. 
Substrates were degreased with solvents and then cleaned by exposure to UV-ozone ambient 
for 1 0 minutes. After cleaning, the substrates were immediately loaded into a thermal 
evaporation system operating at a base pressure of ~lxl0"^ Torr. Several different device 
structures were fabricated, as illiistrated in Figures 6 and^S. First, a 400-A-thick 4-4 -bis[Af^ 
(l-naphthyl)-iV-phenyl-amino]biphenyl (a-NPD) hole transport layer (HTL) were deposited. 
In some devices, a 200 A tbick layer of mCP was deposited as an electron blocking layer 
(EBL). Next, 9% (F2Ppy)2Pt2(SPy)2 (by weight) was codeposited with either mCP or CBP to 
form the 300-A-fliick emissive layer. In some devices, a 120 A thick layer of BCP was 
deposited as an electron blocking layer (EBL). Finally, a 350-A-thick electron transport layer 
(ETL) consisting of zirconiiun (IV) tetr^ (8-hydroxyquiaoline) (Zrq4) was deposited. Device 
cathodes consisting of a 10-A-thick layer of LiF followed by a 1000-A-thick layer of 
aluminum were d^)osited trough a shadow mask. The devices active area was 2x2 mm^. 
The following four stmctures were fabricated: 
Structure 1 : ITO / NPD / (F2Ppy)2Pt2(SPy)2:CBP / ZrQ4 / LiF:Al 
Structure 2: TTO / NPD / (F2Ppy)2Pt2(SPy)2:CBP / BC3P / TxQa I liFi^ 
Structure 3: TTO / NPD / ff2i^y)2Pt2(SPy)2miCP / ZrQ4 / LiF:Al 
Structure 4: ITO / NPD / mCP / 3'2K>y)2Pt2(SPy)2:mCP / ZrQ4 / IiF:Al 
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[0093] Figure 6 show a schematic representation of devices having structures 1 and 2. 

Structure 1 has an anode 615, a hole transport layer 625, an emissive layer 635, an electron 
transport layer 645, and a cathode 660. Structure 2 is the same as structure 1, but has an 
additional hole blocking layer 640 disposed between emissive layer 635 and electron 
transport layer 645. The materials and thicknesses of the various layers were as indicated in 
the previous paragr^hs. 

[0094] Figure 7 shows plots of quantum efSciency against current density for devices 

havhig Structures 1 and 2. Plot 710 shows data for structure 1, and plot 720 shows data for 
structure 2. Both devices show a maximum quantum eMci^icy of about 6.0%. 

[0095] Figure 8 shows plots of current density vs. voltage for devices having 

Sructures 1 and 2. Plot 810 shows data for structure 1» and plot 820 stows data for structure 
2. 

[0096] Figure 9 shows plots of electroluminescent spectra for devices having 

Structures 1 and 2. Plot 910 shows data for structure 1, and plot 920 shows data for structure 
2. 

[0097] Figure 10 shows plots of brightness vs voltage for the devices having 

structures 1 and 2. Plot 1010 shows data for structure 1, and plot 1020 shows data for 
structure 2. Structure 1 shows a higher brightness at 6 volts of about 100 Cd/m^. 

[0098] Figure 1 1 show a schematic representation of devices having structures 3 and 

4. Structure 3 has an anode 1 1 15, a hole transport layer 1 125, an emissive layer 1 135, an 
electron transport layer 1 145, and a cathode 1 160. Structure 4 is the same as structure 3, but 
has an additional eleatron blocking layer 1 130 disposed between hole transport layer 1 125 
and emissive layer 1 135. The materials and thicknesses of the various layers were as 
indicated in the previous paragraphs. 

[0099] Figure 12 shows plots of quantum efficiency against current density for 

devices ha:ving the structures NPD/mCP/EL/Zrq4 and ]SIPD/EL/Zrq4 (Structures 4 and 3). 
Plot 1210 shows data for structure 3, and plot 1220 shows data for structure 4. Both devices 
show a maximum quantum efficiency of about 3. 1%. 
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[00100] Figure 13 shows plots of current density vs. voltage for devices having 

the stmctures NPD/mCP/EL/Zrq4 andNPD/EL/ZTq4 (Structures 4 and 3). Plot 1310 shows 
data for structure 3, and plot 1320 shows data for structure 4. 

[00101] Figure 14 shows plots of electrolmrdnescent spectra for devices having 

the structure KPD/mCP/EL/Zrq4 and NPD/EL/Zrq4 (Structures 4 and 3). Plot 1410 shows 
data for structure 3, and plot 1420 shows data for structure 4. 

[00102] Figure 15 shows plots of bri^tness vs voltage for the devices having 

the structure NPD/mCP/EL/Zrq4 and TSIPD/BL/Zrq4 (Structures 4 and 3). Plot 1510 shows 
data for structure 3, and plot 1520 shows data for structure 4. 

[00103] Figure 16 shows the chemical structure of EPt^ FPtdpm, and 

0F2W>yKPt2(SPy)2. 

[00104] Figure 1 7 shows the structure of (F2Ppy)2Pt2(SPy)2 as determined by 

X-ray crystallography. 

[00105] Pt2Spy4(n) and Spy(n) were prepared as described in Umakoshi et al., 

'IBinuclear Platinum(5> and -(III) Complexes of Pyridme-2-thioI and Its 4-Methyl Analogue, 
Syntidesis, Structure, and Electrochemistry," Inorg. Chem. 1987, 26, 3551-3556, which is 
incorporated by reference in its entirety. 

[00106] Figure 18 shows PL emission spectra for Pt2Spy4 at a concentration of 

less than 1 nM in 2-methyl-tetra-hydro-furan (2-mefhyl-THF). Plot 1810 shows an emission 
peak for 2-methyi-lHF, and plot 1220 shows an emission peak far Pt2Spy4. The peak of plot 
1820 is aiOTid 400 nm, and the tail is significantly attenuated at 470 nm, demonstrating that it 
is possible to achieve deep blue emission with a binuclear material having no photoactive 
ligands. 

[00107] Figure 19 shows absorption spectra for Pt2Spy4 and Spy in solution. 

Plot 1910 shows the absorption spectra for Spy. Plot 1920 shows the absorption spectra for 
Pt2Spy4. 
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[001 08] While the present invention is descaibed with respect to particular 

examples and preferred embodiments, it is understood that the present invention is not limited 
to these examples and embodiments. The present invention as claimed therefore includes 
variations fiom the paxticular exanoples and preferred embodiments described herein, as will 
be apparent to one of skill in the art 
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WHAT IS CLAIMED IS: 

1. An OTgamc light emitting device, comprising: 

an anode; 

a cathode; and 

an emissive layer disposed between and electrically connected to the anode 
and the cathode, the emissive layer further comprising an emissive material 
comprising: 

a first meital center selected from the groiq) consisting of d7, d$ and d9 metals; 
a second metal center selected from the group consisting of d7» dS and d9 

metals; and 

a bridging ligand coordinated to the first metal center and to title second metal 

center. 

2. The device of claim 1, wherein the first metal center and the second metal center are 
both selected from the group consisting of d8 metals. 

3. The device of claim 2, wherein the distance between the first metal center and second 
metal center is such that there is significant overlap between a dS orbital of the first 
metal center and a d8 orbital of the second metaXcenteic« 

4. The device of claim 2, wherein the first metal center and the second metal center are 
both the same metal. 

5. The device of claim 4, wherein the first metal center and the second metal center are 
bothPt 

6. The device of claim 1, whereia the emissive material is a binuclear material that 
comprises: 

a first metal center; 

a second metal c^ter; and 

four bridging Hgands, wherein each bridging ligand is coordinated to the first 
metal center and to the second metal center. 
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7. The device of claim 1, wherein flie emissive material is a binuclear material that 
comprises: 

a first metal center; 
a second metal center; 

two bridging ligands, wherein each bridging ligand is coordinated to the first 
metal center and to the second metal center, 

a first bidentate photoactive ligand bound to the first metal center, and 
a second bidentate photoactive ligand bound to the second metal center. 

8. The device of claim 7, wherein the first photoactive ligand and the second photoactive 
ligand are held in proximity by the bridgmg ligand and the first and second metal 
centers allowing for a significant 7t-^ interaction between the first and second 
photoactive Hgands. 

9. The device of claim 8» wherein the first and second photoactive ligands have the same 
structure. 

10. The device of claim 1, whrarein the emissive material is a binnclear material that 
comprises: 

a first metal center; 
a second metal center; 

one bridging Hgand, wh^<em the bridging ligand is coordinated to the first 
metal c^tear and to the second metal center; 

a first tridentate photoactive ligand bound to the first metal center, and 
a second tridentate photoactive ligand bound to the second metal center. 

1 1 . The device of claim 10, wherein the first photoactive ligand and the second 
photoactive ligand are held in proximity by the bridging ligand and the first and 
second metal centers allowing for a significant te-tc interaction betwe^ the first and 
second photoactive ligands. 

12. The device of claim 1 1, wherein the first and second photoactive ligands have the 
same structure. 
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13. The device of claim 1 , wherein the emissive layer further comprises a host material, 
and the emissive matedal is present as a dopant in the host materiaL 

14. The device of claim 1, wherein the device comprises 

an anode; 

a hole transporting layer; 

an electron transporting layer; 

a cathode; 

and an emissive layer, wherein the emissive layer is disposed between the hole 
transportmg layer and the electron transporting layer. 

15. The device of claim 1 , wherein the device substantially all of the light emitted &om 
the device results firom excimer emission. 

16. The device of claim I, whearein the emissive molecule is a phosphorescent emissive 
material. 

17. The device of claim 7, wherein the first and second photoactive ligands have the 
following partial structure: 



wherein M is a metal center. 

18. The device of claim 1, wheaein each bridging ligand is selected fix>m the group 

consisting of carboxylates (RCOO"), thiocaxboxyloio adds (RCSS"), pyrophosphate C 
OsP-O-POa"), or a compound of the formula 
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and derivatives thereof. 



19. The device of claim 1, wherein the bridging Kgand is selected jfrom the group 
consisting of: 



BL-1 



BL-4 



X 
X 



X X BL.2 ^ ^ 



BL-5 



BL-3 



BL-6 



where: 

X andZ are selected ftom the group consisting of C, CR, O, N, NR, S andP; 

Y is selected fixim the groi^ consisting of C, N, S and P; 

R is H or any organic substituent; and 

N andN' are hydrocarbon chains having 4-8 members. 



20. The device of claim 1 9, wherein N and N* include heteioatoms. 

21, The device of claim 1 , wherein the emissive molecule has the structure: 
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22. The device of claim 1, wherein the distance between the first metal center and the 
second metal center is less than about 4 angstroms. 

23. The device of claim 22, wherein the distance between the first metal center and tiie 
second metal center is about 2.5 angstroms to about 2,8 angstroms. 

24. The device of claim 1 , wherein the emissive material does not include a photoactive 
Ugand. 

25. An organic light emitting device, compridng: 

an anode; 

a cathode; and 

an emissive layer disposed between and electrically comiected to the anode 
and the cathode, the emissive layer farther comprising a binudear emissive material 
comprising: 

a jSrst metal center having a coordination number of at least 3; 

a second metal center having a coordination number of at least 3; and 

a bridging Kgand coordinated to the first metal center and to the second metal 

center. 

26. The device of claim 25, i^fdierein the first metal center and the second metal center 
both have a coordination number of at least 4. 

27. The device of claim 26, wherein the first metal center and tiie second metal center 
both have a cooxdmation number of 4. 

28. The device of claim 25, whersba the emissive material does not include a photoactive 
Ugand. 

29. The device of claim 25, wherein: 

the Sist metal center and the second metal center have the same coordination number; 

and 

the emissive material fiirther comprises a plurality of bridging Ugands coordinated to 
the first metal center and the second metal center, such that the number of bridgmg ligands is 
equal to the coordination number of the first metal center. 



35 



wo 2004/093210 



PCTAJS2004/009683 



30. An organic li^t emitting device, comprising: 

an anode; 

a cathode; and 

an emissive layer disposed between and electrically connected to the anode 
and the cathode, the emissive layer liirtiier cotnprising a binucleax emissive material 
comprising: 

a first metal center; 

a second metal center; 

a bridging ligand coordinated to the first metal center and to the second metal 

center; 

a first photoactive ligand coordinated to the JSrst metal center; 

a second photoactive ligand coordinated to the second metal center. 

3 1 . The device of claim 30, wherein the first and second photoactive ligands have the 
following partial structure: 




wherein M is a d7, dS or 69 metal. 

32. The device of claim 30, wherein each bridging ligand is selected firom the group 

consisting of caiboxylates (RCOO"), thiocarboxyloic acids (RCSS"), pyrophosphate (" 
OaP-O-POs")* or a compound of the formula 




and derivatives thereof. 
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33. The device of claim 30, wherein the bridging ligand is selected from the group 
consisting of: 



X X 



c 



BL-4 



X 
X 



X 
X 



BL-2 



R 

A. 

BL-5 




BL-3 
BL-6 



X and Z are selected from the group consisting of Q CR» 0» N, MR, S andP; 

Y is selected from the group consisting of C, N, S and P; 

R is H or any organic substituent; and ^ 

N and N' are hydrocarbon chains having 4-8 members. 



34. The device of claim 33, >vhereia N and N* include heteroatoms. 

35. An organic light emitting device, comprising: 
an anode; 

a calhode; and 

an emissive layer disposed between and electrically connected to the anode and the 
cathode, the emissive layer further comprising a binuclear emissive material 
comprising: 

a first metal centei^ 

a second metal center; and 

a bridging ligand coordinated to the £b:st metal center and to the second metal 

center; 
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wherdbi the binuclear emissive material is charge neutz^. 

36. An organic light emitting device, comprising: 
an anode; 

a cathode; and 

an emissive layer disposed between and electrically connected to the anode and the 
cathode, the emissive layer further comprising a binuclear emissive material 
comprising: 

a first metal centei^ 

a second metal center; and 

a bridging ligand coordinated to the first metal center and to the second metal 

centen 

wherein the metal craters are held in a co-&cial configuration by the bridging ligand. 

37. The device of claim 36, wherein the first and second metal centers each have a squaie 
planar configuration. 

38. An organic light emitting device, comprising: 

an anode; 

a cathode; and 

an emissive layer disposed between and electrically comiected to the anode 
and the caHiode, the emissive layer finiher conqnising aa emissive material 
comprising: 

a first metal center selected firom the groiq) consisting of metals having an 
atomic number greater than or equal to 40; 

a second metal center selected firom the group consisting of metals having an 
atomic number greater than or equal to 40; and 

a bridging ligand coordinated to the fiist metal center and to the second metal center. 
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Figure 1 



100 



164 



I 



162- 



160 : 



166- 
160- 
145- 
140- 

130-^ 

125. 

120 
115 




110 



1/19 



wo 2004/093210 



PCT/US2004/009683 



Figure 2 
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Figure 3 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 14 
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Figure 15 
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Figure 16 
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